Quantum chemical calculations were performed with the goal of achieving a better understanding of the influence of Arg166 on the catalytic activity of alkaline phosphatases. The present results indicate that the active site Arg166 residue contributes to catalysis by orienting the phosphate monoester substrate in a favorable position for the rate-limiting nucleophilic attack. The stabilizing hydrogen bond interactions of the guanidinium group with two nonbridging oxygens of the phosphate decrease the barrier for the phosphoryl transfer process by attainment of a tighter and preorganized transition state.
Introduction
Alkaline phosphatases (APs) comprise a large family of metalloenzymes present in nearly all living species. 1 As the amino acid sequence of APs from different organisms is remarkably conserved, particularly residues in the active site and surrounding regions, 2,3 the catalytic mechanism determined for the E. coli bacterial enzyme has been proposed to be analogous for eukaryotic APs. 4 These enzymes catalyze the hydrolysis and transphosphorylation of phosphate monoesters, with formation of a covalent phosphoserine intermediate and release of inorganic phosphate and an alcohol. 5 Kinetic and biochemical data have suggested a two-step reaction catalytic mechanism (Scheme 1). [6] [7] [8] The first chemical step involves generation of the covalent intermediate E-P (k 2 , Scheme 1), and this phosphoserine is hydrolyzed in the second chemical step (k 3 , Scheme 1). Transphosphorylation to a phosphate acceptor (k 5 , Scheme 1) occurs in nucleophilic buffers (presence of R´OH).
Scheme 1.
Catalytic mechanism of APs.
Many enzymes that catalize phosphoryl transfer reactions contain arginine residues in their active sites. Mutagenesis studies have found that loss of the arginine side chain causes a notable reduction in catalysis. Mutation of the residue arginine 166 in E. coli AP to serine, alanine or lysine decreases the rate of hydrolysis of phosphate monoesters; this effect was suggested to be ascribed to specific stabilizing interactions of arginine with the charge and/or geometry of the transition state for phosphoryl transfer. 9 Computational methods were recently applied to study the hydrolysis of phosphate esters within the active site of human placental AP (PLAP) as a model AP. [10] [11] [12] These calculations provided interesting insights regarding the catalytic mechanism of this family of enzymes. In this work, quantum mechanical calculations were performed with the aim of achieving a better understanding of the influence of Arg166 on the catalytic activity of APs. For validation purposes, the present theoretical results were compared with experimental studies reported in the literature.
Results and Discussion
The first chemical step of the catalytic mechanism of APs, which is formation of the covalent phosphoserine intermediate via nucleophilic attack of the catalytic Ser92 (k 2 , Scheme1), was study computationally (Reaction 1). This process was evaluated in the active site of PLAP, as well as within the Arg166Ser mutant protein, in which the amino acid Arg166 was replaced by serine. This reaction step has been determined as rate-limiting for the enzymatic hydrolysis of alkyl phosphates. [10] [11] [12] [13] Calculations were performed for hydrogen, methyl, and ethyl phosphate dianions as substrates. Computed energy changes are shown in Table 1 , and the structures of stationary points are illustrated in Figure 1 .
The initial coordinates for the respective Michaelis complexes had been determined by previous molecular docking calculations. 10, 12 In this complexes, the oxygen of the ester leaving group was coordinated to Zn 1 , and one nonbridging oxygen was coordinated to Zn 2 ( Figure 1a ). In the case of PLAP, the other two nonbridging oxygen atoms formed hydrogen bond interactions with the guanidinium group of Arg166 (the average O-H distances being 1.52 Å and 1.64 Å), and with a Mg 3 -bound water. For the Arg166Ser mutant, the lack of stabilizing interactions with Arg166 caused a rotation in the position of the phosphate group to achieve an additional hydrogen bond with a second Mg 3 -bound water molecule; the hydroxylic hydrogen of Ser166 was ca. 5.56 Å away from the nearest phosphate oxygen. These observations match exactly with the X-ray crystallographic structures for noncovalently bound inorganic phosphate in the wild-type enzyme and Arg166Ser mutant. 9 Transition states (TSs) presented a trigonal bipyramidal configuration corresponding to an in-line displacement reaction, as proposed by Holtz et al., 14 with bond forming/breaking oxygens in an opposite axial disposition ( Figure 1b) . In all cases, departure of the leaving group was assisted by coordination with Zn 1 . The three nonbridging oxygens of the transferring phosphoryl group bisected the axial plane and formed stabilizing interactions with Zn 2 and one Mg 3 -bound water, and, in the active site of PLAP, also with Arg166.
Interactions of the nonbridging phosphoryl oxygens with the residue Arg166 in PLAP generated tighter TSs than in the case of Arg166Ser, with shorter forming/breaking bonds between the phosphorus atom and the nucleophile and leaving group oxygens ( Table 2) . It should be noticed that hydrogen bonds between the phosphate oxygens and Arg166 were not stronger in the TSs than in their respective Michaelis complexes. Moreover, TS stabilization by Arg166 did not involved an increase in electrostatic stabilization of the phosphoryl group by the Zn 2+ ions, which would imply shorter distances between one nonbridging oxygen and these cations. Instead, Arg166 appears to decrease the activation energy for covalent phosphoserine formation by orienting the phosphate group to a preorganized arrangement that gives rise to a tighter and lower-energy TS.
In order to test the accuracy of the theoretical procedures applied, the present computational results were contrasted with experimental assessments available in the literature. It is important to note that comparison of theoretical and experimental kinetic data is not straightforward. Computed barriers correspond to the energy difference between the TS and the Michaelis complex and are related to k cat . On the other hand, experimental values are usually reported as k cat /K M , which provide barriers measured from the ground state of the free enzyme and substrate in solution to the TS for the first irreversible reaction step. As both barriers differ by the binding energy of the substrate (an exothermic process), activation energies derived from experimental k cat /K M values correspond to lower bounds of the calculated barriers.
The activation energies yielded by the calculations in this work and the corresponding experimental evaluations 9,13 (barriers were derived from k cat and k cat /K M values by transition-state theory 15 ) are presented in Table 1 . It is worth noting the remarkably accordance betwen both energy barriers computed for HOPO 3 2-and those resulting from experimental k cat estimations. Moreover, computed activation barriers were higher than those derived from k cat /K M values, supporting the reliability of the computational methodology employed. The present calculations indicate a reduction in the catalytic efficiency of the Arg166Ser mutant enzyme as compared to wild-type PLAP, in agreement with previous experimental results ( Table 1) . The characterized stationary points revealed hydrogen bonding contacts between the guanidinium group of the Arg166 residue and two nonbridging oxygens of the phosphate. In this way, Arg166 places the phosphate group of the substrate closer to the catalytic Ser92 and in a proper orientation for nucleophilic attack. These hydrogen bond interactions are conserved across the whole reaction coordinate, and lower the barrier height of the rate-determining phosphoryl transfer by further stabilizing the corresponding TS. Consistent with this, in the presence of Arg166 the located TSs structures exhibited shorter forming/breaking bonds between P and the O atoms of the nucleophile and leaving group.
Conclusions
The active site Arg166 residue in APs enhances the activity of this family of enzymes by locating the phosphate monoester substrates in a more favorable position for the rate-limiting nucleophilic attack. The stabilizing hydrogen bond interactions with the guanidinium group decrease the barrier of the phosphoryl transfer process by generating a more compact and preorganized TS. The present computational results are in very good accordance with X-ray crystallographic structures and experimental kinetic data, which supports the mechanistic observations inferred from this theoretical study.
Computational Methods
The three-dimensional structure of PLAP was obtained from the Protein Data Bank (PDB code 1EW2). 16 The computational model contained the catalytic metal triad (two Zn 2+ ions (M1 and M2) and one Mg 2+ ion (M3)) with their ligands Asp316, His320, His432, His358, Asp357, Asp42, Glu311, Ser155, and the nucleophilic Ser92, as well as residues Arg166 and Glu429. Valences at cut peptide bonds were completed with hydrogen atoms. Three water molecules to complete Mg 2+ coordination (one as a hydroxide ion), and three more coordinated to Glu429 were included. Ionized side chains were defined for arginine, aspartate, and glutamate residues; histidines were neutral and singly protonated on Hδ. The complete model system had a net charge of -1, consisting of seven positive charges (two Zn 2+ cations, one Mg
2+
, and one arginine) and eight negative charges (three aspartates, two glutamates, one hydroxide anion, and the phosphate monoester dianion substrate). The Arg166Ser mutant was built by replacing the side chain of Arg166 by a serine; therefore, this protein model had a total charge equal to -2.
The Gaussian 09 package 17 was employed to carry out ONIOM 18 calculations using two quantummechanical layers (QM:QM). Density Functional Theory (DFT) geometry optimizations with the B3LYP [19] [20] [21] functional were performed for the high layer, containing the three metal cations, the phosphate monoester dianions, five water molecules, one hydroxide ion, carboxylate groups of glutamates and aspartates, -CH 2 OH groups of serines, and the -C(NH 2 ) 2 group of arginine (around 40 heavy atoms and 25 hydrogens). The 6-31+G* basis set was used for C, O, N, P, Mg and H atoms, and the pseudopotential Lanl2DZ was applied for Zn cations. The low layer (about 73 heavy atoms and 78 hydrogens) was treated with the semi-empirical method PM3MM. 22 This ONIOM(B3LYP:PM3MM) methodology has been verified to be suitable in our prior studies. [10] [11] [12] The electrostatic effect of the environment was taken into account by polarized continuum model (IEFPCM) 23 optimizations, considering a dielectric constant ε = 4.0 to simulate the influence of the residues surrounding the active site. The positions of backbone atoms involved in peptide bonds were fixed to conserve the active site structure, and the coordinates of the rest of the atoms were fully optimized. Harmonic vibrational frequency calculations were performed to confirm the nature of the minima and TSs on the potential energy surfaces. Intrinsic reaction coordinate (IRC) 24, 25 calculations were also employed to verify TSs. Although the accuracy of the energies was not affected, the harmonic entropy effects were inaccurate due to the presence of constrained atoms. These approximations did not perturb the comparison of activation free energies between different substrates in the same protein. However, as two different enzymes were considered in the current study, the zero-point energy and entropic corrections were not included in the calculated barriers. ONIOM(B3LYP/6-311+G(2d,p):PM3MM)-IEFPCM single points were computed on the optimized stationary points to get more precise energies. A very similar methodology was also validated in recent computational studies involving the hydrolysis of a phosphate group by a protein phosphatase, 27 and the hydrolysis mechanisms of trimethyl phosphate and its resulting phosphodiester by a phosphotriesterase. 28 
